Introduction
Complicated skin and soft tissue infections (cSSTIs) represent a common cause of hospitalization. 1 -3 Due to the increasing prevalence of antibiotic resistance among both Gram-positive and Gram-negative bacterial pathogens, cSSTIs are becoming increasingly challenging to treat. 4 Ceftaroline fosamil is approved in the EU for the treatment of patients with community-acquired pneumonia (CAP) and cSSTI, 5 and for similar indications elsewhere. Approvals of the adult dose of ceftaroline fosamil for cSSTI [600 mg every 12 h, administered by 1 h intravenous (iv) infusion] were based on the Phase III CANVAS 1 and 2 trials (NCT00424190 and NCT00423657). 2, 3 In the individual trials and a pooled analysis, ceftaroline fosamil 600 mg every 12 h was non-inferior to vancomycin plus aztreonam, and clinical cure rates at test of cure (TOC) were similar between treatment groups in both the clinically evaluable (CE) population (91%-93%) and the modified ITT (MITT) population (85% -87%). 2, 3, 6 Ceftaroline fosamil 600 mg every 12 h was generally well tolerated, with a safety profile consistent with the cephalosporin class. 2, 3, 7 Surveillance data indicate that in some Latin American, European and Asian countries, the MIC 90 of ceftaroline for MRSA is 2 mg/L; 8 -10 based on current CLSI and EUCAST susceptibility breakpoints, such strains are considered non-susceptible to ceftaroline fosamil 600 mg every 12 h. 11, 12 Moreover, severe systemic inflammation can alter antibiotic pharmacokinetics (PK), potentially compromising efficacy. 13 An increased dose of ceftaroline fosamil might provide additional benefit for such patients.
The CeftarOline versus Vancomycin and aztrEonam tReating cSSTI (COVERS) trial evaluated the safety and efficacy of ceftaroline fosamil 600 mg every 8 h by 2 h iv infusion in patients with cSSTI and extensive cutaneous involvement, including evidence of systemic inflammation or underlying comorbidities associated with impaired immune response.
Patients and methods

Ethics
The protocol was approved by each study site's independent ethics committees/institutional review board, and the study was conducted in accordance with the Declaration of Helsinki and the International Conference on Harmonization/Good Clinical Practice. All patients provided written informed consent.
Study design and participants
COVERS was a Phase III, prospective, multicentre, randomized, doubleblind, non-inferiority trial conducted at 111 centres in 28 countries between May 2012 and June 2014. The complete inclusion/exclusion criteria are available in the Supplementary data (available at JAC Online). Key inclusion criteria: (i) age ≥18 years; (ii) cSSTI [defined as extensive cellulitis, major cutaneous abscess (limited to 30% of the population), burn infection, or traumatic/surgical wound infection with purulent drainage with a minimum surface area of 75 cm 2 ] of sufficient severity to warrant hospitalization and ≥5 days of parenteral antibacterial therapy; and (iii) one or more signs of systemic inflammatory response [body temperature ≥38.0 or ≤36.08C, white blood cell count .12000 or ,4000 cells/mm 3 or .10% band forms (immature white blood cells), heart rate .90 beats/min and respiratory rate .20 breaths/min after 10 min rest], and/or underlying comorbidities associated with impaired immune response.
Key exclusion criteria: uncomplicated skin and soft tissue infections; diabetic foot infections, decubitus ulcers, ulcers due to peripheral vascular disease, necrotizing skin infection or sternal wound infections; or body weight .130 kg.
Randomization and masking
Enrolled patients were assigned a unique randomization code using a centralized telephone/web-based interactive system. The randomization sequence and treatment assignment were generated by a validated computer-generated randomization schedule using a block size of six. Patients were randomized 2:1 to receive ceftaroline fosamil (600 mg every 8 h ) or vancomycin (weight-based dosing) plus aztreonam (1 g every 8 h ) for 5 -14 days. Patients and investigators were masked to treatment allocation until study completion.
Procedures
All study treatments were administered iv for 5-14 days, ceftaroline fosamil and vancomycin as 250 mL 2 h infusions and aztreonam as 100 mL 30 min infusions. Dosages were adjusted according to respective product labelling and institutional practice guidelines (see Supplementary data for further details).
Aztreonam could be discontinued at investigators' discretion after ≥3 days if no Gram-negative bacteria were identified by microscopy or culture. To maintain blinding, patients also received matching placebo infusions with volume and infusion duration equivalent to the comparator treatments.
Clinical assessments were conducted daily during the treatment period until the end of treatment (EOT) evaluation (within 24 h of the last dose of study treatment), at the TOC visit (8-15 days after the last dose of study treatment) and at the late follow-up (LFU) visit (21 -35 days after the last dose of study treatment).
Assessments included evaluation of the signs and symptoms of cSSTI, physical and laboratory examinations, skin infection site and blood collection for bacterial culture, and recording of adverse events (AEs). Clinical cure was defined as resolution of signs and symptoms of skin infection or improvement of signs and symptoms to such an extent that no further antimicrobial therapy was necessary. Definitions of clinical failure and indeterminate clinical outcomes are available as Supplementary data.
Patients considered clinically cured at TOC were assessed at LFU for evidence of relapse (defined as a relapse of signs and symptoms of cSSTI that required additional antimicrobial therapy) and recurrence and reinfection (defined as isolation of a baseline or new pathogen, respectively, from the original cSSTI site at the LFU visit).
Specimens for microbiological analysis were obtained from the primary infection site at baseline, and after baseline (EOT, TOC and LFU visits) as medically indicated. Specimens were obtained and processed according to recognized methods. 14, 15 Blood samples for microbiological culture were obtained at baseline, and, for patients with a positive result, repeated daily until negative. Local laboratories and a central reference laboratory (Covance Central Laboratory Services, IN, USA) performed the microbiological assessments. All isolates were shipped to the central laboratory for confirmation of genus/species and susceptibility testing using CLSI methodology. 11, 16 Per-patient microbiological response (definitions available as Supplementary data) at the EOT and TOC visits was determined in the microbiologically evaluable (ME) population.
Blood samples for PK analysis were collected over an 8 h period on study Day 3 (exceptions were allowed for study sites without PK collection facilities). Most patients underwent sparse blood sample collection (four samples/patient); a subset underwent an intensive sample collection (12 samples/patient). Plasma drug concentrations were determined by a central laboratory (Covance Bioanalytical Laboratory, IN, USA) using validated methods. All samples were stored at 2708C until shipped to the central laboratory.
Outcomes
The primary endpoint was the proportion of patients clinically cured at the TOC visit in the co-primary CE and MITT populations (see Supplementary data for definitions). Secondary endpoints included the following: clinical response at TOC in the microbiological MITT (mMITT) and ME populations; clinical and per-pathogen microbiological response at TOC (ME population); clinical relapse and reinfection or recurrence at the LFU visit; the PK profile of ceftaroline fosamil 600 mg administered as a 2 h iv infusion every 8 h; and safety.
MRSA expansion period
An MRSA-focused expansion period was initiated following completion of the main trial (further details are available as Supplementary data).
Statistical analysis
The sample size estimation assumed a clinical cure rate at TOC of 80% in both treatment groups in the MITT population, a non-inferiority margin of 10% and power of 90%. This gives a total sample size of 765 patients (510 ceftaroline fosamil; 255 vancomycin plus aztreonam), which also gives .90% power for the CE population assuming 85% clinically cured in each group and a 20% non-evaluable rate. Approximately one-third Dryden et al. of the way through the trial, a blinded review of evaluability and overall cure rates (both treatments combined) was undertaken to ensure the protocol assumptions held and the sample size was appropriate.
A two-sided 95% CI for the observed difference in the proportion of patients clinically cured at the TOC visit was computed using Miettinen and Nurminen's unstratified method. 17 Non-inferiority of ceftaroline fosamil was defined as a lower limit of the 95% CI (corresponding to a 97.5% one-sided lower bound) greater than 210% for both the MITT and the CE population. All statistical analyses were conducted using SAS version 8.02 (SAS Institute, Cary, NC, USA). ClinicalTrials.gov registration numbers: NCT01499277 (main study) and NCT02202135 (expansion period).
Results
In total, 802 patients were enrolled, 772 were randomized and 761 received study treatment (MITT and safety population: ceftaroline fosamil, n ¼ 506; vancomycin plus aztreonam, n ¼ 255) ( Figure 1 ; see Table S1 for details of study sites and total numbers of patients recruited by country). The CE population comprised 606 patients (ceftaroline fosamil, n¼ 395; vancomycin plus aztreonam, n¼ 211).
Demographic and baseline patient characteristics were well balanced across groups (Table 1) . Cellulitis (57.3%) and major cutaneous abscess (21.3%) were the most common cSSTIs; most infections (94.1%) were community acquired.
Baseline pathogens were comparable between treatment groups, and were typical of cSSTI. The most frequently identified pathogens (mMITT population) are shown in Table S2 . In the mMITT population, 223/384 (58.1%) patients had monomicrobial infections caused by Gram-positive pathogens. The most commonly isolated pathogen (primary infection site or blood) was Staphylococcus aureus [221/384 (57.6%); 168 MSSA and 54 MRSA (both MSSA and MRSA were isolated in one patient in the vancomycin plus aztreonam group)]. Enterobacteriaceae were isolated in 83/384 (21.6%) patients, including seven ESBL-positive isolates.
In vitro activities of ceftaroline, vancomycin and aztreonam against key baseline pathogens (mMITT population) are shown in Table 2 ; .95% were susceptible to ceftaroline according to CLSI breakpoints for ceftaroline fosamil 600 mg every 12 h 11 (including MSSA and MRSA, for which all MIC values were ≤1 mg/L).
The proportion of patients clinically cured at the TOC visit is shown in Figure 2 . Non-inferiority of ceftaroline fosamil 600 mg every 8 h versus vancomycin plus aztreonam was demonstrated, with between-group differences (95% CI) for the MITT and CE populations of 20.95% ( -6.90, 5.41) and 1.27% ( -4.32, 7.48), respectively.
Clinical cure rates by infection type and in patients with markers of severe disease, including systemic inflammatory response syndrome (SIRS), bacteraemia and elevated C-reactive protein (CRP), were generally comparable between treatment arms, and there were no meaningful shifts in clinical outcome by infection type or disease severity parameters compared with the overall MITT population (Table 3) . Similar results were observed in the CE population (data not shown). Clinical response rates in the Of all randomized patients, 2/772 (0.3%) were lost to follow-up. Among patients who were clinically cured at TOC (CE population), relapse at LFU occurred in 3/342 (0.9%) ceftaroline fosamil and 3/180 (1.7%) vancomycin plus aztreonam patients. No new infections, reinfections or recurrences of infection occurred.
Microbiological responses were predominantly derived from clinical responses; therefore, clinical and microbiological response rates at TOC by baseline pathogen were similar. Clinical and microbiological response rates were similar across treatment groups for patients with monomicrobial and polymicrobial infections, and for those with key baseline pathogens, including MRSA (Table 4) .
Clinical cure and favourable microbiological response rates by ceftaroline MIC for key baseline pathogens are summarized for the ceftaroline fosamil group in Tables S3 and S4 .
Of the 514 ceftaroline fosamil-treated patients, 396 (77.0%) were included in the PK population: 379 and 17 underwent sparse and intensive sampling, respectively. Plasma concentration -time profiles of ceftaroline, ceftaroline fosamil and the inactive metabolite ceftaroline M-1 (intensive sampling group) are shown in Figure 3 . Geometric mean (% coefficient of variation; CV) areas under the plasma concentration -time curve from zero to the last measurable concentration (AUC 0 -t ) for ceftaroline, The study treatments were generally well tolerated, and AEs were consistent with their known safety profiles. The incidence of AEs (safety population) was similar in each group: 232/506 (45.8%) ceftaroline fosamil and 116/255 (45.5%) vancomycin plus aztreonam recipients experienced one or more AEs. AEs reported by ≥1% of patients in either group are shown in Table 5 . AEs were predominantly (.96%) of mild or moderate intensity.
AEs were considered treatment-related (TRAEs) in 81/506 (16.0%) and 42/255 (16.5%) ceftaroline fosamil and vancomycin plus aztreonam recipients, respectively. TRAEs reported in ≥1% of patients were nausea, vomiting, drug eruption, diarrhoea (including one case of Clostridium difficile colitis in one patient in the ceftaroline fosamil group), rash, headache and infusion site phlebitis in the ceftaroline fosamil group, and infusion site phlebitis, COVERS Phase III trial of ceftaroline fosamil 600 mg every 8 h for cSSTI 3579 JAC headache, nausea, increased AST, increased hepatic enzyme, increased ALT, constipation and pruritus generalized in the vancomycin plus aztreonam group. TRAEs that differed in frequency by ≥1% between the ceftaroline fosamil and vancomycin plus aztreonam groups were increased AST (0.6% and 1.6%, respectively), increased hepatic enzyme (0.6% and 1.6%), infusion site Percentages are based on total number in the treatment group with the baseline pathogen.
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phlebitis (1.0% and 2.0%), drug eruption (1.4% and 0%), rash (1.2% and 0%) and constipation (0% and 1.2%). The frequency of severe TRAEs was similar across groups [ceftaroline fosamil, 5/506 (1.0%); vancomycin plus aztreonam, 3/255 (1.2%)] and comprised drug hypersensitivity, hypokalaemia, drug eruption, urticaria and increased hepatic enzyme (ceftaroline fosamil), and urticaria, toxic nephropathy and pyrexia (vancomycin plus aztreonam). Overall, 96/761 (12.6%) patients prematurely discontinued treatment [ceftaroline fosamil, 67 (13.2%); vancomycin plus aztreonam, 29 (11.4%)], of whom 32/506 (6.3%) and 11/255 (4.3%) patients, respectively, had one or more AEs leading to discontinuation; these were considered treatment-related in 22 and 7 patients, respectively. AEs leading to discontinuation in .1% of patients in either group were in the system organ classes of disorders of skin and subcutaneous tissue [19/506 (3. The incidence of AEs representing rash events (including the preferred terms dermatitis, dermatitis allergic, drug eruption, erythema, generalized erythema, rash, rash erythematous, rash generalized, rash maculopapular, rash papular and rash pruritic) were grouped together as an AE of special interest. Rash events were reported more frequently for ceftaroline fosamil [44/506 (8.7%)] than for vancomycin plus aztreonam [5.1% (13/255)]; .92% were of mild or moderate intensity, and treatment-related rash events occurred in 30/506 (5.9%) and 4/255 (1.6%) patients, respectively. All rash events were reversible and none was associated with Stevens -Johnson syndrome or toxic epidermal necrolysis. Rash events associated with ceftaroline fosamil were typically described as maculopapular and were distributed over the trunk and extremities; this is consistent with the pattern of cephalosporin-induced rash. 18 The imbalance in the frequency of rash was driven by the frequencies of these events in patients from Asian sites: AEs of rash occurred in 23/124 (18.5%) ceftaroline fosamil-treated patients at Asian sites and 5/63 (7.9%) of vancomycin plus aztreonam recipients. When Asian patients were excluded, the frequency of rash was similar between groups [21/382 (5.5%) and 8/192 (4.2%), respectively]. In the ceftaroline fosamil group, there was a bimodal distribution in the time to onset of rash, with peaks at Days 3-4 (early-onset events) and Days 8-9 (late-onset events). The median duration of treatment in Asian patients in both treatment groups was longer than in non-Asian patients (8.6 versus 6.8 days for ceftaroline fosamil; 8.8 versus 6.8 days for vancomycin plus aztreonam). Among those who received treatment for ≥8 days, 17/85 (20.0%) of Asian patients and 11/151 (7.3%) of non-Asian patients experienced late-onset rash. The incidence of rash occurring during the first 7 days was much lower and in line with that seen previously. 2, 3, 19 Positive Coombs seroconversion occurred in 146/452 (32.3%) patients in the ceftaroline fosamil group at TOC; none of these patients showed evidence of drug-induced haemolytic anaemia. A summary of AEs in the MRSA-expansion period is presented in Table S5 .
Discussion
These results provide valuable information regarding the potential clinical utility of ceftaroline fosamil 600 mg every 8 h. The primary efficacy endpoint was met, demonstrating the non-inferiority of ceftaroline fosamil 600 mg every 8 h versus vancomycin plus aztreonam in patients with cSSTI with evidence of systemic inflammatory response or underlying comorbidities associated with impaired immune response in the co-primary MITT and CE populations.
Moreover, clinical cure rates at TOC among patients with evidence of more severe disease at baseline (including SIRS, bacteraemia and elevated CRP) were generally comparable between treatment groups, and were similar to the overall cure rate. Clinical and microbiological cure rates (ME population) for key cSSTI pathogens were generally comparable across treatment groups. In line with previous surveillance studies 20, 21 and clinical trials, 2,3 the most commonly isolated pathogen was S. aureus. Consistent with the previous trials, 2,3 ceftaroline fosamil was effective against infections caused by MRSA. However, relatively few MRSA were isolated (13.8% in the mMITT population). This may reflect the predominance of community-acquired infections (94.7%; hospital-acquired infections would be unlikely to progress untreated to such a stage that they met the stringent severity COVERS Phase III trial of ceftaroline fosamil 600 mg every 8 h for cSSTI 3581 JAC inclusion criteria for this study) and the small proportion (15.5%) of patients from the USA ( 60% of MRSA isolates were from the USA).
Patients in COVERS had a larger area of cutaneous involvement compared with CANVAS (median lesion size 400 versus 151 cm 2 ), and a greater proportion had evidence of systemic inflammation ( 40% versus 23% had SIRS). Despite the increase in dose from 600 mg every 12 h in CANVAS 1 and 2 to 600 mg every 8 h in COVERS, overall clinical cure rates were somewhat lower in COVERS compared with CANVAS. Nevertheless, clinical outcomes among ceftaroline fosamil recipients with evidence of more severe disease were generally comparable for COVERS and CANVAS; clinical cure rates in patients with one or more systemic signs, fever, elevated white blood cells (WBCs) or SIRS differed by ,5% across the trials. 22 Moreover, per-pathogen clinical response rates were also generally comparable across the three trials, and MICs of .95% for isolated pathogens were within respective CLSI susceptibility breakpoints for the ceftaroline fosamil dose of 600 mg every 12 h. 23 Considered together, these data suggest that ceftaroline fosamil 600 mg every 12 h is a robust treatment for the majority of patients with cSSTI, including those with evidence of SIRS or underlying comorbidities.
The PK profile of ceftaroline fosamil every 8 h was in line with expectations. Geometric mean ceftaroline AUC and C max values were within 10% -20% of those reported in Chinese and Western healthy volunteers assessed after 8 days of ceftaroline fosamil 600 mg every 8 h in 2 h infusions. 19 A population PK model that incorporated the patient PK data from COVERS was used to analyse ceftaroline exposures: consistent with the clinical efficacy findings, the PK profile of ceftaroline was unaffected by the presence of one or more systemic signs of inflammation, fever, elevated WBCs or SIRS. 24 In Monte Carlo simulations, ceftaroline fosamil 600 mg every 12 h provided exposures associated with the plateau of dose -response for efficacy against S. aureus (including MRSA) with MICs up to 2 mg/L, 25 and ceftaroline fosamil 600 mg every 8 h achieved .95% target attainment against S. aureus with MICs of 4 mg/L. 26 The safety profile of ceftaroline fosamil 600 mg every 8 h was similar to those in previous trials of 600 mg every 12 h, 7, 19, 27, 28 with no new safety signals identified. Rash was a common cause of discontinuation, and occurred more frequently among Asian patients than non-Asian patients treated with ceftaroline fosamil. Median duration of ceftaroline fosamil treatment was longer in Asian patients (8.6 days) compared with non-Asian patients (6.8 days). However, even considering only those who received treatment for ≥8 days, a greater proportion of Asian patients (20.0%) relative to non-Asian patients (7.3%) had late-onset rash. Hypersensitivity reactions are a well-documented adverse effect associated with b-lactams, and regional variations in usage may influence sensitization patterns. 29, 30 Rash events were the most frequent AEs reported in a Phase I trial in Chinese healthy volunteers, and occurred at a similar frequency in patients receiving ceftaroline fosamil 600 mg every 12 or 8 h. 19 Interestingly, the majority [9/16 (56.3%)] of these AEs were late in onset (i.e. on or after study Day 7). In a similar Phase I trial in Western healthy volunteers, a typical cephalosporin maculopapular rash also occurred; however, the frequency and intensity of rash AEs were higher in Chinese compared with Western volunteers. 19 It is possible that physiological differences increase the propensity of Asian subjects to developing cutaneous reactions to antibiotics. 31 The frequency of a positive Coombs seroconversion test was high (32.3% at TOC) in the ceftaroline fosamil group compared with the CANVAS trials; this may reflect the dose and treatment duration. Importantly, across the cephalosporin class, positive Coombs seroconversion has low predictive value for drug-induced haemolytic anaemia. 32 Moreover, no associated cases of druginduced haemolytic anaemia were reported.
A key limitation was the absence of MRSA with ceftaroline MICs of ≥2 mg/L (with the exception of one patient in the expansion period). This appears surprising given that MRSA MIC 90 values of 2 mg/L have been reported in some regions (e.g. Asia, Latin America and some European countries) where the study was Dryden et al.
conducted. 8 -10 The stringent study entry criteria (which followed regulatory guidance), 33 specifically the requirement for a large area of infection involvement (minimum 75 cm 2 ) and limiting prior antibiotic exposure, may have biased recruitment towards community-acquired infections, which typically involve MRSA with ceftaroline MICs ≤1 mg/L.
In conclusion, ceftaroline fosamil 600 mg every 8 h was effective and generally well tolerated in the treatment of patients with cSSTI characterized by large areas of body surface involvement and evidence of systemic inflammation and/or underlying comorbidities, and no new safety concerns were identified. Importantly, disease severity did not appear to affect clinical cure rates. Further evaluation is required to establish whether ceftaroline fosamil every 8 h might extend coverage to S. aureus with higher ceftaroline MICs.
